stein, 1998, Proc. Natl. Acad. Sci. USA 95, 708 -713) recently developed a stable isotope-mass spectrometric technique for measuring DNA synthesis by labeling the deoxyribose (dR) moiety of purine deoxyribonucleotides through the de novo nucleotide synthesis pathway. The original analytic approach had limitations, however. Here, we describe technical improvements that increase yield, stability, sensitivity, and reproducibility of the method. The purine deoxyribonucleoside, deoxyadenosine (dA), is directly isolated from hydrolysates of DNA by using an LC18 SPE column. Two derivatives were developed for analyzing the dR moiety of dA alone (without the base), an aldonitrile-triacetate derivative, and a reduced pentosetetraacetate (PTA) derivative. The PTA derivative in particular exhibited greater stability (no degradation after several weeks), greater GC/MS signal, and much less abundance sensitivity of isotope ratios (i.e., less dependence of mass isotopomer abundances on the amount of material injected into the mass spectrometer source), compared to previous derivatives of dA. The need for complex, multidimensional abundance corrected standard curves was thereby avoided. Using the PTA derivative, dR enrichments from DNA of fully turned over cells of rodents with 2 H 2 O enrichments in body water of 2.2-2.8% were 9.0 -9.5%, and less than 1.0 g DNA (ca. 2 ؋ 10 5 cells) was required for reproducible analyses. In summary, these methodologic advances allow measurement of stable isotope incorporation into DNA and calculation of cell proliferation and death rates in vivo in humans and experimental animals, with fewer cells, greater reproducibility, and less labor. Many applications of this approach can be envisioned.
Genomic DNA synthesis in eukaryotic cells occurs almost exclusively during S-phase of the cell cycle (1) . The key checkpoint controlling cell division occurs at the G1/S transition; that is, initiation of DNA synthesis typically controls mitosis and the rate of cell proliferation (2, 3) . Conversely, cell death is characterized by degradation of DNA. Measurement of DNA synthesis and turnover is therefore generally accepted as the most direct biochemical index of cell production and destruction (4 -6) .
Methods for measurement of DNA synthesis or breakdown have important limitations, however (7) (8) (9) (10) (11) . The biosynthetic precursors used for labeling replicating DNA have traditionally been pyrimidine deoxyribonucleosides such as [ 3 H]thymidine ([ 3 H]dT) 2 or bromodeoxyuridine (BrdUrd), which enter into DNA biosynthesis through nucleoside salvage pathways (Fig. 1) . Efficiency of cellular uptake of pyrimidine deoxyribonucleosides is highly variable, however, differing among cell types and according to the availability of extracellular deoxyribonucleosides (7) (8) (9) . Physiologic factors other than the rate of cell division thereby influence the amount of label incorporated into DNA in a population of cells. The result is uncertainty in the interpretation of DNA labeling. Reincorporation of deoxyribonucleosides released from DNA after cell death also complicates interpretation of label die-away curves, particularly for slowly turning-over cells (6) . Finally, neither [ 3 H]dT nor BrdUrd labeling quantifies the fraction of newly synthesized DNA in a population of cells. Instead, cells are marked as either "positive" or "negative" for label (i.e., cell lineages are tagged). Subsequent cell division after the period of labeling can confuse interpretation, since daughter cells remain "positive" for several cell generations. These limitations have been discussed previously (6) .
Recently, we (12) (13) (14) described the use of endogenous labeling of DNA through the de novo nucleotide synthesis pathway, using stable isotope-labeled precursors and mass spectrometric analysis, as a solution to several of these problems. Stable isotope labeling of DNA carries no risks and is safe for use in humans. The de novo nucleoside pathway for synthesis of purine deoxyribonucleotides has several other advantages: its contribution is relatively predictable and constant (7) (8) (9) 12) , is unaffected by availability of extracellular deoxyribonucleosides (12) , is upregulated during S-phase of the cell cycle (7, 8) , and is not susceptible to label reincorporation during the isotopic decay phase (7, 8) . Administration of [6,6- 2 H 2 ]glucose, [U- 13 C 6 ]glucose, or 2 H 2 O to label the deoxyribose (dR) moiety of deoxyadenosine (dA) has been used successfully to measure proliferation of a variety of cell types, including T lymphocytes (13) (14) (15) , naive-and memory/effectorphenotype T cells (14) , granulocytes (12) , monocytes (15) , hepatocytes (12) , colonocytes (16) , mammary epithelial cells (17) , thymocytes (12) , vascular smooth muscle cells (18) , adipocytes (19) , bone marrow progenitor cells (20) , and others (21) .
The analytic approach that we originally described (12) was less than optimal, however. The trimethylsilyl (TMS) and tetraacetate derivatives of dA are unstable and exhibit substantial abundance sensitivity of isotope ratio measurements (i.e., variability in abundances of different mass isotopomers as a function of amount of material injected into the mass spectrometer source; Refs. [22] [23] [24] ; an HPLC step was required to isolate dA from the DNA hydrolysate; label incorporation into the purine base moiety of dA or dG occurs from certain labels (such as [U- 13 C 6 ]glucose or 2 H 2 O) and could confound comparisons of label assumed to be in the dR moiety; overall yield of dA from DNA was not maximal; and relatively high starting cell numbers were required (ca. 2 ϫ 10 6 cells) for reliable measurements of isotope enrichment, because 5-10 g of DNA were required for reproducible GC/MS analysis (12) (13) (14) .
Here, we describe analytic advances in the stable isotope-mass spectrometric measurement of DNA synthesis. The net result is improved yield, stability, sensitivity, and reproducibility.
METHODS AND RESULTS

Simplified Protocol for Isolation of dA from DNA Hydrolysate
Cellular DNA was hydrolyzed to deoxyribonucleosides, as described previously (12, 13) . Briefly, after heat denaturation with Mg/Zn, the DNA was hydrolyzed by sequential digestion with DNase I, nuclease P1, snake venom phosphodiesterase I, and alkaline phosphatase (Sigma, St. Louis, MO). In place of an HPLC step, an LC18 SPE column (Supelco, Bellefonte, PA) was then used to separate dA from the other deoxyribonucleosides (Fig. 2) . The column was washed with 100% methanol (2 ml) and water (2 ml). The hydrolyzed DNA sample was then added and nucleosides other than dA were eluted with an H 2 O wash (5 ml). The dA was eluted with 50% methanol (1 ml). HPLC analysis of the 50% methanol eluate revealed a clean dA peak uncontaminated by dC, dT, or dG (Fig.  3) . The oxidized base, 8-oxo-2Ј-deoxyguanosine (Wako Inc), is also separated from dA by the SPE column and does not elute in the dA wash of DNA hydrolysates (data not shown). Yield of DNA from hydrolyzed DNA standards is Ͼ80%.
Alternative Derivatives
Two derivatives of the dR moiety of dA were developed (Fig. 4) , which proved to exhibit better stability, less abundance sensitivity (22) (23) (24) and increased analytic sensitivity, while avoiding label incorporation into the base moiety, compared to the originally described TMS and tetraacetate derivatives of dA (12, 13) .
Aldonitrile-triacetate derivative of dR (dRATA). Several strategies were tried for cleaving off the adenine moiety of dA in order that the dR moiety could be derivatized and analyzed, uncontaminated by the base moiety. The use of aldonitrile/acetate derivatives has proven useful for other carbohydrates (25) (26) (27) . Direct conversion to dRATA by reaction of dA with 1% hydroxylamine in pyridine, followed by acetylation, was found to give the highest yields of derivatized dR, compared to enzymatic methods (e.g., cleavage with purine nucleotide phosphorylase), mild acid hydrolysis, or other approaches for initial cleavage of dA to dR and base moieties (data not shown). The direct conversion method using hydroxylamine:pyridine-acetic anhydride gave 95% hydrolysis and high GC/MS abundances. This latter technique was performed as follows. The eluate from the SPE column, containing dA, was lyophilized to dryness and 25 L of a 1% solution of hydroxylamine hydrochloride in pyridine (Sigma) was added. The vial was capped tightly and heated to 100°C for 60 min. After cooling, 5-10 L of acetic anhydride was added and the solution was allowed to stand for 15 min. The mixture was then dried under N 2 and extracted with ethyl acetate. Identification of the M ϩ2 ion from labeled standards of the dR moiety of dA ([5,5-2 H 2 ]dA, Isotec, Inc.) confirmed the appropriate fragments of dRATA for measurements of isotope enrichments.
GC/MS analysis of dRATA ( The efficiency of conversion of dA to dRATA was assessed by comparison to direct derivatization of commercial dR, using the same hydroxylamine:pyridineacetic anhydride protocol. GC/MS yields were consistently Ͼ90% with dA compared to dR as the starting material (not shown), supporting the efficiency of base cleavage by this protocol.
Pentose-tetraacetate (PTA) derivative of dR. To the eluate of the SPE-isolated dA, after evaporation of methanol with a nitrogen gas stream, we added 25 mg of cation exchange resin (Hϩ form, AG 50W-X8, BioRad Laboratories, Hercules, CA). The mixture was shaken for 24 h to allow mild acid hydrolysis of the dR moiety from dA. The water layer was pipetted off the resin and 500 L of water was added again and pipetted off. The combined water solution was lyophilized, reduced, and acetylated by a modification of the method of Henry et al. (25) . Samples were dissolved in 1 M NH 4 OH (50 L) and freshly prepared NaBH 4 (50 L, Sigma) in water (40 mg/mL). The vial was then
. The samples were left for 15 min at room temperature then excess acetic anhydride hydrolyzed by addition of water (2 mL). The resulting PTA derivative ( fig. 4) was extracted from the aqueous mixture with two successive 600-L volumes of methylene chloride, which were combined and dried through addition of anhydrous sodium sulfate. The methylene chloride solution, containing the PTA derivative was dried under N 2 . The PTA was then extracted with ethyl acetate and injected into the GC/MS. GC/MS analysis was by methane CI, using the 30-m DB-225 column described above, under selected ion monitoring of m/z 245-247.
Abundance sensitivity of dRATA and PTA derivatives. For accurate measurement of isotope ratios (mass isotopomer abundances), it is necessary to correct for abundance sensitivity-i.e., the variation of isotope ratios as a function of the amount of material injected into the mass spectrometer source (22) (23) (24) . We used the approach of Patterson et al. (28) to account for abundance sensitivity effects. In brief, this technique involves injection of different amounts of labeled standards of known isotope enrichments to establish a "three-dimensional" standard curve (i.e., true molar fraction of labeled species vs measured isotopomer abundance vs sample volume injected), to characterize the dependence of labeled/unlabeled ion ratios on sample volume injected. An example is shown for the dRATA derivative (Fig. 5B) . The abundance of the parent ion (M 0 , m/z 198) is plotted against the ratio of labeled to unlabeled masses (M 2 /M 0 -M 2 ), for samples of known enrichments mixed from [ 2 H]dA standards labeled in the dR moiety (Isotec Corp., Miamisburg, OH), by varying the injection volume. A series of curves, relating abundance to isotope ratio for each known enrichment, is thereby generated (Fig. 5B) . The M 0 abundance of unknown samples are then measured and individualized linear regressions or standard curves are calculated for each particular M 0 abundance (28) .
The three-dimensional standard curves of the PTA and dRATA derivatives exhibited considerably less abundance sensitivity (i.e., were flatter, Fig. 5 ) than for previously used derivatives, such as the tetraacetate derivative (Fig. 5C ) or the TMS derivative (not shown) of intact dA. Stability of the PTA derivative over time was also tested. When reinjected after 18 days, the peak height had not changed (data not shown). Bar Harbor, ME) underwent stable isotope labeling with 2 H 2 O. Labeling with 2 H 2 O was by an initial intraperitoneal bolus (to 2% body water) followed by administration of 4% 2 H 2 O in the drinking water. Dilution of drinking water by metabolic water (produced by oxidation of fuels) and any residual moisture in laboratory chow results in body water enrichments between 2.2 and 2.8% in rodents (M. K. Hellerstein, R. A. Neese, and L. Misell, unpublished observations). Animals were maintained on ad libitum laboratory chow, except as indicated above, and on a 12-h light-dark cycle.
Stable Isotope Labeling Protocols in Humans and
Tissues were collected after administration of or 2 H 2 O for varying periods of time. Animals were killed by CO 2 asphyxiation. Tissues collected for DNA analysis included bone marrow cells (20) and mammary epithelial cells (29) . All procedures received the prior approval of the University of California at Berkeley Animal Uses Committee.
Human studies. All human studies received prior approval from the Committee on Human Research, University of California at San Francisco and the Committee for Protection of Human Subjects, University of California at Berkeley. Written informed consent was provided by subjects for all procedures that were performed. Subjects were healthy volunteers with no known medical conditions. The protocol for [ 2 H]glucose labeling was as described elsewhere (13, 14) . Briefly, [6,6-2 H 2 ]glucose was infused intravenously for 24 -48 h in the GCRC at San Francisco General Hospital, with isolation of blood on days 5 and 10. Cells were isolated from blood using fluorescent activated cell sorting, as described previously (12) (13) (14) . DNA content of the cell samples was 0.5-1.0 g total DNA.
Comparison of dRATA and PTA Derivatives of dA
The isotopic enrichments of the dRATA and PTA derivatives of dA were compared after 2 H 2 O labeling. It should be noted that the dRATA derivative removes one of the C-H positions in dR potentially labeled from 2 H 2 O (position C-1, Fig. 4 ). Isotopic enrichments are therefore expected to be systematically higher with the PTA compared to the dRATA derivative, after 2 H 2 O labeling. This expectation was confirmed (Fig. 6A) . PTA enrichments from bone marrow DNA of rodents given 2 H 2 O for 3 weeks were 9.0 -9.5%, compared to dRATA enrichments of 8.0 -8.5% from the same animals at body water enrichments of ca. 2.6%. The correlation coefficient between the two derivatives was highly significant (r 2 ϭ 0.956, Fig. 6A) , with a consistent ca. 17% higher value measured in the PTA derivative from the same samples.
We also calculated the fractional replacement rate (k) of cells. This provides a way of correcting for the different absolute enrichments with the two derivatives, due to different numbers of C-H positions included in each derivative (Fig. 4) , because fractional replacement is calculated from the ratio between of DNA enrichments in cells of interest to enrichments in fully turned-over cells (12) . Calculated values of k were essentially identical using the two derivatives (Fig. 6B) . Values of K with 2 H-glucose labeling of T-lymphocytes in humans were also identical with the two derivatives (data not shown). Reproducible results were obtained from 2-5 ϫ 10 5 T cells.
DISCUSSION
The measurement of cell division and death rates has a wide variety of potential applications, in research and for clinical diagnostics. The technique that we described recently (12) (13) (14) overcame many of the theoretical limitations of previous cell proliferation measurements (9 -11). The analytic improvements that are described here make this technique more effective in practice. In addition to simplifying the preparative procedure, the key changes are (i) improved analytic sensitivity, thereby reducing DNA sample requirements; (ii) reduction in abundance sensitivity of mass isotopomer quantification, thereby minimizing the need for complex, abundance-corrected standard curves; (iii) better stability of the new derivatives; and (iv) absence of the purine moiety in the analyte, thereby avoiding potential contamination of dR labeling.
Sample requirement had previously been 5-10 g DNA, representing 1-2 ϫ 10 6 cells (13, 14) . For certain applications, this cell requirement was burdensome or unattainable. Important examples included blood T lymphocytes in patients with lymphopenic states such as HIV/AIDS (13, 14) , especially for certain subpopulations of T lymphocytes (e.g., naive-phenotype cells; Ref. 14); vascular smooth muscle cells from the aorta of mice (18) ; mammary epithelial cells from rat or human breast samples (17) ; and others. The ability to make reproducible measurements in Ͻ1.0 g DNA as starting material reduces the starting cell requirement by almost an order of magnitude (i.e., to Ͻ2 ϫ 10 5 cells). Many new applications of the method are made possible by reducing starting cell requirements to this extent.
The problem of abundance sensitivity has long constrained the practice of quantitative stable isotope/ mass spectrometry (22) (23) (24) . Several factors contribute to variability of measured mass isotopomer abundances as a function of injected sample volume, including gas-phase ion chemistry (e.g., hydrogen or proton extraction or addition reactions, carbon-carbon rearrangements; Refs. [22] [23] [24] , possibly nonlinearities of the detector system or other problems (30) . For most analytes, including the derivatives of dA and dR described here, the specific causes of abundance sensitivity have not been established and analytic strategies to reduce their impact are not available. The finding that the PTA and dRATA derivative of dR exhibit little abundance sensitivity (Fig. 5) represents a substantial practical advantage for this method. Concerns such as systematic differences in isotope enrichment for cells recovered in low yield vs high yield are obviated by the flat enrichment vs total abundance curves (Fig. 5) . From an operational point of view, avoiding the need for labor-intensive, high instrument-time utilizing, multidimensional standard curves is highly desirable. The superior stability of the PTA derivative also makes analysis easier, since repeats can be performed at a later date without loss of signal. These represent important advantages for the practical application of stable isotope labeling of DNA.
Finally, the absence of label contamination from the base moiety of purine deoxyribonucleosides simplifies interpretation and extends the range of possible precursor labels that can be used by this method. The metabolic sources and biosynthetic pathways of purine and pyrimidine bases are complex and unpredictable (7) (8) (9) . In comparison, labeling of the dR moiety has been shown to be controlled in a predictable, relatively constant manner (particularly for dR of purine deoxyribonucleosides, Refs. 7, 8, 12) . Removing the possibility of variable label incorporation by removing the base moiety from dA (Fig. 4) thereby simplifies interpretation.
In summary, measurement of stable isotope incorporation into DNA can now be performed with fewer cells, better reproducibility and stability, and less labor. A number of new applications for measuring rates of cell proliferation and death in humans and experimental animals are possible using this method.
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